The present study focused on improving the hot ductility and magnetic properties of PC Permalloy. An alloy with a chemical composition of 78.5 mass%Ni-4.3 mass%Mo-2.2 mass%Cu-0.47 mass%Mn-Fe exhibits the optimum permeability, with m0.005 of 411,200 and mm of 437,400. The P-value of the alloy was 3.43. Addition of Boron caused undesirable deterioration of magnetic properties, while the effects of Magnesium and Calcium on magnetic properties were small. Mill trials using a 50-ton electric furnace revealed that PC Permalloy with a composition of 78.6 mass%Ni-4.2 mass%Mo-2.1 mass%Cu-0.57 mass%Mn-14 ppmCa-4 ppmS-Fe exhibits extremely high permeability (i.e., m0.005, 233,000 to 499,000; mm, 368,000 to 568,000). High-permeability alloy sheets were obtained by controlling the P-value in the range of 3.45 to 3.49. The hot ductility of the alloy was markedly improved, and ingots and slabs were hot rolled without any corner cracks.
Introduction
In recent years, measurement technologies using SQUID magnetometers have been developed by industry, universities and governmental agencies and the measurement of very weak magnetic fields generated by living bodies and the precise physical measurement of advanced materials is anticipated. 1, 2) These are weak magnetic fields of 10 À11 to 10 À14 T (Tesla). However, magnetic field perturbations of 10 À7 T are generated from moving machines and power supply facilities and are present in urban areas, making measurements using a SQUID magnetometer very difficult in an open space. For this reason, there is a high demand for magnetic shielding technologies that can block magnetic field perturbations and provide a clean magnetic environment.
A magnetic material with high permeability such as PC Permalloy is required for magnetic shielding use in measuring very weak magnetic fields. To make a highly efficient magnetic shielding room using magnetic material with high permeability, wide magnetic material sheet with few joints is required, so a wide PC Permalloy sheet is desired. For these reasons, corner cracks generated during hot rolling due to poor hot ductility of PC Permalloy must be reduced. Although some studies have investigated how the balance of alloying elements affects the permeability of Ni-Mo-Fe and Ni-Mo-Cu-Fe magnetic alloys to improve the magnetic properties of PC Permalloy, [3] [4] [5] [6] [7] further improvement of magnetic properties of PC Permalloy is required to realize highly efficient magnetic shielding. Reduction of impurity elements and addition of micro-alloying elements are important for improving the hot ductility of permalloy, [8] [9] [10] but few studies have investigated the effects of these impurity elements and micro-alloying elements on magnetic properties.
This study investigates the fundamental effects of alloying element balance on permeability of PC Permalloy. Investigating the effects of micro-alloying elements that improve hot ductility will contribute to developing PC Permalloy with good hot ductility and excellent magnetic properties. 11, 12) 
Experimental Procedure
The chemical compositions of alloys used in this study are shown in Table 1 These ingots were hot rolled to a thickness of 2.5 mm. After de-scaling, hot-rolled sheets were cold-rolled to a thickness of 1.0 mm. Magnetic properties were measured by using ring specimens. The ring specimens were 45 mm external diameter and 33 mm internal diameter. The ring specimens were annealed for three hours at 1100 C in pure dry hydrogen (dew point less than À40 C) before the magnetic properties were measured. The cooling rate at temperatures from 650 C to 300 C was 89 C/h. The initial relative permeability (mi) at 0.4 A/m and the maximum relative permeability (mm) were measured according to JIS C-2531. The ring specimens were degaussed by applying an AC magnetic field before measuring mi and mm.
Hot ductility was investigated by high-temperature tensile testing. The chemical composition of the alloy used in this study was 78.6 mass%Ni-4.2 mass%Mo-2.1 mass%Cu-0.57 mass%Mn-14 ppmCa-4 ppmS-14.42 mass%Fe. This alloy was melted in a 50-ton electric furnace. High-temperature tensile testing was conducted by using round bar specimens machined from equiaxed grain portions in the ingot and hotrolled specimens. Testing conditions are shown in Fig. 1 . Specimens were heated at 1200 C or 1250 C for 5 minutes, cooled to testing temperature ranging from 900 C to 1100 C, and then deformed at a strain rate of 1 s À1 . Zero ductility test was also conducted by the ingot specimens. The hot ductility was evaluated by measuring the reduction area of the fractured portion.
In mill trail, alloy with an optimum chemical composition was melted in a 50-ton electric furnace. Ingots were hotrolled to slabs by a sizing mill. The slabs were then hotrolled, cold-rolled, and annealed in Keihin works. Hot ductility of the alloy was evaluated using the ingots. Magnetic properties were measured using ring specimens machined from annealed sheets of the alloy. Figure 2 shows the relationship between relative permeability and P-value for alloy No. 1 to No. 23.
Results and Discussion
The alloy with a P-value of 3.43 (Alloy No. 3) has the highest relative permeability. Ni-Mo-Cu-Fe alloy exhibits higher permeability than Ni-Mo-Fe alloy. This result is consistent with that of R. D. Enoch and A. D. Fudge. 6) The alloy with the highest relative permeability was 78.5 mass%Ni-4.3 mass%Mo-2.2 mass%Cu-0.47 mass%Mn-14.5 mass%Fe. The alloy had a P-value of 3.43, which was in good agreement with the result of R. D. Enoch and A. D. Fudge. 6) We believe that this result is due to domain wall stabilization; the magnitude of the uniaxial anisotropy induced in the domains and domain walls that produces stabilization is related to the Curie temperature of the alloy. The Curie temperature of quaternary alloys is about 50 C lower than those of corresponding ternary alloys so that more stabilization occurs in these alloys.
6) The 78.5 mass%Ni- 4.3 mass%Mo-2.2 mass%Cu-0.47 mass%Mn-Fe alloy exhibits higher relative permeability than 77 mass%Ni-4 mass%-Mo-5 mass%Cu-Fe because the Curie temperature of the former alloy is higher than that of the latter alloy. The former alloy is thus thought to have less long-range ordering which lowers permeability. 6) Boron, Magnesium and Calcium improve hot ductility of PC Permalloy. To examine the effect of B on relative permeability, we investigated the effect of annealing atmosphere on the relative permeability of PC Permalloy containing B melted in a 5-ton vacuum induction furnace. The chemical composition of the alloy was 78.4 mass%Ni-4.3 mass%Mo-2.2 mass%Cu-0.66 mass%Mn-49 ppmB-20 ppmCa-9 ppmS-14.3 mass%Fe. Figure 4 illustrates the effect of annealing atmosphere on the relative permeability of the PC Permalloy. The sample annealed in a higher concentration hydrogen atmosphere exhibited higher permeability than that annealed in a lower concentration hydrogen atmosphere. The sample with high relative permeability also exhibits deboronaization, while the sample annealed in a high vacuum atmosphere (less than 1:33 Â 10 À2 Pa) possessed the lowest relative permeability and showed less deboronization.
Deboronization in Fe-Ni Alloy is thought to progress in the reaction as follows. We believe that such deboronization affects the magnetic properties of PC Permalloy. Addition of B to PC Permalloy is thought to be undesirable technique for the parts of magnetic shielding room piling up during the annealing process in a lower concentration of hydrogen atmosphere due to the deterioration of the relative permeability from adding B. Figure 5 plots the effect of cooling rate at temperatures from 650 C to 300 C on relative permeability. The alloy with a P-value of 3.42 has the highest relative permeability permeability at 45 C/h, while the alloy with a P-value of 3.79 exhibits slightly increasing permeability with decreasing cooling rate. Figure 6 illustrates the exponential relationship between the percentage of non-ferromagnetic atoms present in an alloy and the optimum cooling rate for the alloy by R. D. Enoch and A. D. Fudge.
6) The optimum cooling rate of an alloy with a P-value of 3.42 in this study is consistent with that of a previous study. 6 ) From these results, we consider that the increase of the relative permeability in Ni-Mo-Cu-Fe alloy in this study is attributable to the control of short-range ordering by non-ferromagnetic elements, Cu, Mo, and Mn. Based on these results, we conducted a mill trial using a 50-ton electric furnace.
11) The chemical composition of the alloy was 78.6 mass%Ni-4.2 mass%Mo-2.1 mass%Cu-0.57 mass%Mn-14 ppmCa-4 ppmS-14.42 mass%Fe. Ca was added to improve the hot ductility of PC Permalloy without degrading the relative permeability after annealing. Molten metal was cast into seven 7-ton ingots. After sizing, hotrolling, de-scaling, cold-rolling and annealing, ring specimens machined from these seven coils were annealed in a pure hydrogen atmosphere and magnetic properties were measured. Figure 7 presents the relative permeability of the mill trial alloy sheets. The P-values ranged from 3.45 to 3.49, mi ranged from 233,000 to 499,000, and mm ranged from permeability, m/( P-value, P P-value, P Fig. 7 The relationship between relative permeability of mill trialed alloy and P-value. Annealing condition: 1100 C Â 3 h (H2),Cooling rate 650$300 C: 89 C/h.
368,000 to 568,000. High relative permeability alloy sheets were obtained by controlling the P-value in the range of 3.45 to 3.49. Figure 8 illustrates the hot ductility of the PC Permalloy melted in a 50-ton electric furnace. The hot ductility of the ally was markedly improved, and ingots and slabs were hotrolled without any corner cracks.
A highly effective magnetically shielded room (COSMOS; Fig. 9 ) was constructed by Super Conductivity Sensor Lab by applying the developed PC Permalloy sheets. 11, 12) 
Conclusions
The present study focused on improving relative permeability and hot ductility of PC Permalloy. The following results were obtained.
(1) An alloy with a chemical composition of 78.5 mass%-Ni-4.3 mass%Mo-2.2 mass%Cu-0.47 mass%Mn-14.5 mass%Fe exhibits the highest relative permeability, mi: 411,200, mm: 437,400, and the P-value of the alloy was 3.43.
(2) Boron produced undesirable deterioration of the relative permeability, while the effects of Magnesium and Calcium on the relative permeability were small.
(3) Mill trials using a 50-ton electric furnace revealed that PC Permalloy with a composition of 78.6 mass%Ni-4.2 mass%Mo-2.1 mass%Cu-0.57 mass%Mn-14 ppmCa-4 ppmS-14.42 mass%Fe has extremely high relative permeability (i.e., m0.005, 233,000 to 499,000, and mm 368,000 to 568,000. High-permeability alloy sheets were obtained by controlling the P-value in the range of 3.45 to 3.49. The hot ductility of the alloy was markedly improved, and ingots and slabs were hot-rolled without any corner cracks. 
